A high-resolution rainfall observatory was established at the Iowa Institute of Hydraulic Research to support studies of small scale rainfall variability. It includes a vertically pointing X-band radar, a two-dimensional video disdrometer, an optical rain gauge, a standard tipping bucket raingauge, and high temporal resolution sensors for measurements of wind velocity and direction, temperature, humidity, and pressure. All the instruments are collocated. The observatory is being upgraded to include a Doppler processor for the radar, a mobile platform to enable participation in community-organized hydrometeorological experiments, and a network of about 15 high-resolution raingauges to be installed at a nearby airport. The airport network design includes innovative concepts of dual sensors constituting a single observational point, connected to the same data logger. The observational points are separated with distances ranging from 10-1000 meters. We present comparisons of data collected by the various sensors and discuss implications for radar-rainfall estimation. The capabilities of the experimental setup at IIHR will facilitate numerical studies of rainfall measurements. In particular, we present results of computational fluid dynamics calculations of the measurement error of the video disdrometer based on the high resolution observations of drop size distribution and wind velocity.
INTRODUCTION
Small scale variability of rainfall is a critical factor that influences the uncertainty of rainfall measurements and estimation using both in-situ and remote sensing systems. Vertical structure of radar reflectivity, time evolution of drop size distribution, the relationship between reflectivity and rainfall rate, all affect our ability to reliably quantify rainfall intensities and accumulation for a wide range of applications from design and operation of urban storm drainage systems to global circulation and climate analyses. In recognition of these facts, the Iowa Institute of Hydraulic Research (IIHR) established a high-resolution rainfall observatory to study variability of rainfall in space and time. The observatory includes a vertically pointing X-band radar, a two-dimensional video disdrometer, an optical raingauge, a standard tipping bucket raingauge, and high temporal resolution sensors for measurements of wind velocity and direction, temperature, humidity, and pressure. All the instruments are collocated. The observatory is being upgraded to include a Doppler processor for the radar, a mobile platform to enable participation in community-organized hydrometeorological experiments, and a network of about 15 high-resolution raingauges to be installed at a nearby airport. The airport is located only 1 km from the observatory. The airport network design includes innovative concepts of dual sensors constituting a single observational point, connected to the same data logger. The observational points are separated with distances 10-1000 m. The observatory and the network are located about 100 km from a WSR-88D weather radar operated by the US National Weather Service as part of the NEXRAD (Next Generation Radar) system (Heiss et al., 1990; Klazura and Imy, 1993) . This setup provides an opportunity to study effects of the vertical as well as horizontal variability of rainfall on accuracy of the NEXRAD estimates of rainfall.
In this paper we describe several issues associated with the design and development of the observatory. We discuss the various sensors and their data acquisition setup. We also present preliminary comparisons of data collected by different instruments and discuss the observed discrepancies. We describe design issues of a specialized network and the implications for radar-rainfall estimation. The capabilities of the experimental setup at IIHR facilitate numerical studies of rainfall measurements. In particular, we present initial results of computational fluid dynamics calculations (CFD) of the measurement error of our 2-D video disdrometer.
CURRENT INSTRUMENTS

In-situ rainfall measurements
In addition to wind speed, wind direction, pressure, temperature, and humidity sensors, IIHR has an optical raingauge, and a standard tipping-bucket gauge. The outputs from all these sensors are continuously sampled and archived every 2 s. A recent addition to the ensemble of instruments is a Weather Identifier and Visibility Sensor (WIVIS) acquired from the University of Connecticut. It incorporates technology developed for the Automated Surface Observing System (ASOS) of the U.S. National Weather Service (NWS). In addition to measuring precipitation, it measures visibility and classifies precipitation according to NWS ASOS standards. For example "Heavy Rain", "Moderate Rain", "Heavy Precipitation not distinguished", and so on. The temporal resolution of the WIVIS is 1 minute.
Vertically Pointing Radar
Some of the specifications of the vertically pointing radar, operated at IIHR jointly with Hydrologic Research Center of San Diego, California, are shown in Table 1 . The radar was built at the McGill Radar Weather Observatory, McGill University, Canada. The microwave part of the radar is essentially a widely-used navigation radar manufactured by Decca. It is controlled by a PC equipped with a PCIP-SCOPE digital oscilloscope card, manufactured by Keithly Metrabyte, and software written by the developers of the radar at McGill University. The radar has been operation for more than 2 years, except when it was shut down for maintenance and repairs. Most of the data have been organized into a directory structure that contains a data file for each day. The radar data acquisition software provides a rudimentary display program that is useful for confirming operation of the radar. We have developed a library of C routines that enables us to read, plot, convert to a format that is easier to distribute, and analyze the data.
2-D Video Disdrometer
IIHR's video disdrometer is one of only a handful of such instruments world-wide. It was specially manufactured for IIHR by Joanneum Research at The Institute for Applied Systems Technology, Inffeldgrasse, Austria. Figure 1 depicts its principle of operation. Two light sources generate orthogonal light sheets that are projected through narrow slits onto two line scan cameras. The optics are designed so that, seen through the camera lens, the slits appear evenly and brightly lit. Particles falling through the beams of light appear as dark silhouettes against this background. The light sources and cameras form the sensor unit that is exposed to the precipitation The operation is similar to flatbed scanners, except that with flatbed scanners the line scan camera and light sheet is moved, whereas here the light sheet and head is stationary, and the object (hydrometeors) move. The electronics and embedded computer that control the cameras and record the slit images are housed in a separate, weatherproof outdoor electronics unit. A second, indoor, PC communicates with this embedded computer via standard the TCP/IP protocol. After copying the raw image information from the outdoor unit, the software running on the indoor PC reconstructs the shapes of the hydrometeors. The software also estimates the falling velocity, horizontal velocity, oblateness, and equivalent water content, for each individual hydrometeor. In addition to this information, aggregate information such as drop size distribution, rainrate versus time, vertical velocity versus time, oblateness versus diameter, and so on, are computed and displayed in real-time.
IIHR's disdrometer has been in operation since the middle of summer 1997, and we have collected information for several events that include at least one strong convective storm. We have written software that read the data files in order to facilitate analysis off-line, and work is underway to investigate the possible clustering of rainfall in time as well as at very small spatial scales.
Rain Tank
A 4×4 m tank, and 15 cm high, was recently installed on the roof of an IIHR building for a collaborative project with the University of Minnesota. A video camera is mounted on a tower about 8 m away and about 8 m above the tank. The interior of the tank is black, and in operation, the tank is filled with water. When a raindrops hits the water surface, the resulting disturbances are quite visible and are recorded on the video camera. The video tape is analyzed off-line by digitizing a sequence of frames, and performing standard image-processing steps (equalization and thresholding).
INSTRUMENTS UNDER DEVELOPMENT
Mobile Rainfall Observatory
The instruments described above, i.e., the vertically pointing radar, the raingauges, and the 2-D video disdrometer, are attractive resources for joint studies of rainfall conducted by the research community. To facilitate their use in the community-organized experiments, we are outfitting a 5 m long trailer (Figure 2 ) into what we call Mobile Rainfall Observatory. The trailer will permanently house the vertically pointing radar but can also accommodate on-site data collection by the 2-D video disdrometer. For the raingauges, it merely serves as a hauling platform. We anticipate that most of the time also the disdrometer will be used off-site, i.e., it will be placed away from the tall (2.5 m) trailer to minimize the possible blockage and other effects. We do not recommend, due to safety considerations, the radar operation while the trailer is in motion.
The trailer is outfitted with a dual voltage electric wiring (12V DC and 120V AC). This way, an external power supply can be provided by a cable from a permanent facility, or from a diesel-powered generator or a set of batteries. On-site computer data acquisition system allows long term operation and storage of large volume of data. The radar antenna is covered with a fiberglass dome that is a modification of the original design that has a slanted cover only. The dome mitigates the effect of attenuation by the layer of water collected on the cover.
The main advantage of having the radar participate in hydrometeorological experiments is its ability to provide very high resolution information on the vertical structure of the precipitating atmosphere. This utility is greatly enhanced by Doppler capability that allows monitoring of the vertical motion of the hydrometeors. Conventional scanning radars, when located away from the target, provide only spatially averaged observations, and have problems resolving such important phenomena as bright band and subcloud evaporation. Examples of quantitative studies enabled by the radar are given by Fabry et al. (1994) and Seed et al. (1996) . We are planning to participate in field experiments in the near future. The first is PRECIP98/Tropical Experiment that is being planned to take place in Melbourne, Florida. The main objective of the experiment is to test in a quasi-operational environment the utility of dual polarization radar for quantitative rainfall estimation. The S-pol radar operated by the Remote Sensing Facility of the National Center for Atmospheric Research will be used in conjunction with the operational WSR-88D radar in Melbourne. During the experiment, our Mobile Rainfall Laboratory will be directed to certain locations, predicted in real-time to collect drop size distribution data and to provide observations of the vertical profile.
Airport Network
Motivation. We are developing an experimental network of raingauges for observations of small-scale rainfall variability. As demonstrated by Ciach and Krajewski (1997) , knowledge of the small-scale rainfall variability is critical for the purpose of uncertainty quantification of radar-rainfall estimates. So far, the only means of assessing the accuracy of radar-rainfall estimates has been comparisons with raingauge data. However, the radar/raingauge differences (in terms of their variance) contain contributions from both the radar measurement and estimation error and the rainfall variability at the scale below the radar grid resolution. It is this sub-grid resolution that we term herein the small-scale. Separation of the two uncertainty sources is possible (at the variance level) if one of them is known. From the two, it seems that the small-scale variability of rainfall would be much easier to observe. Ciach and Krajewski (1997) show that for short temporal scale, i.e., <1 hour, the contribution of the small scale variability can be substantial, exceeding 50%. Their results are supported by the earlier findings of Kitchen and Blackall (1994) .
Requirements. As we recognize that for the estimation of radar-rainfall uncertainty raingauge observations at the radar sub-grid scale are necessary, the question arises how many gauges do we need to place in one radar grid, and how to place them. To answer this question let us note, after Ciach and Krajewski (1997) , that two different objectives could be posed. One is an accurate estimation of the grid-mean rainfall for direct comparisons with the radar rainfall estimates, and the second is estimation of the rainfall covariance function over distances comparable with the grid size. Given the high variability of rainfall at short time scales (Georgakakos et al., 1994) , accurate, i.e., better than, say, 10% error estimates seem to require more gauges. Limited space prevents us from a rigorous analysis to show this. The second objective requires calculations of the rainfall covariance for a few separation distances so that its general shape for short distances could be captured. If we make an assumption that rainfall of a given type (e.g. stratiform vs. convective) is generated by the same random mechanism time after time, it becomes clear that even a relatively small number of gauges, properly placed, should be sufficient to achieve the goal. For example, with 10 sites in the network, there are n = 45 pairs providing data-is more than enough to capture the shape of most covariance functions.
The network we are implementing will consist of about 15 sites all located at the Iowa City Airport, about 1 km from IIHR. The airport, which serves only light traffic of private planes, seems ideally suited for our purposes. It provides a secure, well-maintained, and easy-to-access location. To minimize interference with the airport operation, the data will transmitted via low power, spread-spectrum UHF links. In the United States, such links do not require permits from the Federal Communications Commission (FCC). The experience we are gathering with the design, establishment, and maintenance of the Iowa City Airport network will be of great value as similar networks for small-scale rainfall variability observations will be soon established in Oklahoma and on Guam.
NUMERICAL STUDIES
Raingauge sensor intercomparison
Intercomparisons of rainfall rate data obtained by the optical and tipping bucket gauges separated by just few meters revealed significant differences. Generally, the optical gauge measured larger rainfall rates than the tipping bucket gauge. A typical example of measured data is shown in Figure 3 , other events-some with higher rainfall intensities-show similar structure of discrepancy. The rainfall event lasted 3.5 h, and the total rainfall amount, as measured by the optical and tipping bucket gauges, was 7.3 mm and 4.3 mm, respectively. The difference of 3 mm can not be explained by the wind-induced error of the tipping bucket gauge measurement. Other possibilities include calibration error and wetting losses. Calibration error may have affected both instruments. Only static calibration was performed for the tipping bucket gauge (see Niemczynowicz, 1986 ; for a discussion of the importance of dynamic calibration), while the optical gauge was calibrated by the manufacturer assuming Marshall-Palmer drop size distribution. The application of a correction procedure, based on Nespor (1996) and using the detailed wind velocity data, resulted in the increase of approximately 0.3 mm of the total tipping bucket amount, too small to show in Figure 3 . This increase represents the total wind-induced error of 6%. As the large discrepancy between the two gauges occurs mostly at the beginning of the events, investigation of other than wind causes are necessary. These include effects of the variability of the drop size distribution on the optical gauge signal and mechanical effects in the tipping bucket gauge.
CFD Studies of the 2-D Disdrometer
To study the influence of the wind on the drop size distribution measurement, 3-D flow fields around the disdrometer were computed. In contrast to a cylindrical precipitation gauge, the disdrometer horizontal cross section is a square. Therefore, flow fields for different horizontal velocity vector angles, ranging between 0° and 45°, were computed. For the flow computations a general CFD software PHOENICS (Version 2.2.1) was chosen. The computational domain extended around the disdrometer body 3.5 times its size. The domain was discretized by the Cartesian grid 100×100×80. The k-ε turbulence model with the standard values of coefficients (Launder and Spalding, 1974) was used. The computation of particle trajectories followed the approach of Nespor (1996) . An example of computed trajectories the free-stream velocity v f =3 m/s and the drop diameter D=1.0 mm is in Figure 4 . The flow field is computed for the symmetrical case with the flow perpendicular to the wall of the disdrometer. The trajectories are plotted in the plane of symmetry. In the Figure, the dotted lines represent the undisturbed trajectories and the solid lines the trajectories influenced by the flow field. The two horizontal lines inside the disdrometer indicate the sensor location. We make two observations. First, the external flow, accelerated above the disdrometer opening, tends to deviate precipitation particles leeward, preventing them from entering the orifice. This effect is larger for smaller particles and higher wind velocities, and it results in an underestimation of the number of small particles in the size distribution. Second, the internal recirculating flow tends to catch the particles inside the disdrometer. The particles then circulate in the inner vortex crossing possibly several times the sensing area, indicated in Figure 4 . This effect is again stronger for smaller particles, and, in a combination with the first one, can lead to an overestimation of the number of small particles in the size distribution. To quantify these effects further computations are in progress.
CONCLUSIONS
We presented just a small sample of rainfall observing and analysis activities conducted at the Iowa Institute of Hydraulic Research. So far, one general conclusion is that measurements or rainfall constitute an unsolved problem in that rainfall measurements are corrupted with significant uncertainties that are difficult to quantify. We recommend that research should proceed two objectives: (1) quantification of uncertainty for the existing sensors; and (2) development of new observational methods. Separation of effects of small scale rainfall variability from the sensor measurement error is a priority on which the future progress of the field depends.
